Charge state in various forms of carbon can be conveniently controlled using alkali atom doping methods. It led to applications in, for example, energy storage^[@ref1]^ and to the discovery of compelling correlated phases such as superconductivity (with *T*~c~ = 11.5 K in CaC~6~^[@ref2],[@ref3]^ and *T*~c~ = 28 K in Rb~3~C~60~^[@ref4]^), spin density waves in fullerides,^[@ref5]^ and the Tomonaga--Luttinger to Fermi liquid crossover in single-wall carbon nanotubes.^[@ref6],[@ref7]^

Control over the number of free electrons in carbon could be also exploited in spintronics,^[@ref8]−[@ref10]^*i*.*e*., when using the electron spin as an information carrier and storage unit. Doping-induced metallic carbon has the smallest spin--orbit coupling besides metallic Li and Be, which is expected to result in ultralong spin lifetime, τ~s~, a prerequisite for spintronics. Graphene arose as a promising candidate for spintronics purposes due to the predicted long τ~s~; its actual value is controversial according to spin transport studies,^[@ref11]−[@ref16]^ and it ranges from 100 ps^[@ref11]^ up to 12 ns^[@ref12],[@ref15],[@ref16]^ with theoretical hints that the short lifetime originates from extrinsic effects.^[@ref17]^ Doping graphene with light alkali atoms would enable the accurate determination of τ~s~ for the itinerant electrons by spin spectroscopy, *i*.*e*., electron spin resonance (ESR).^[@ref18],[@ref19]^ Light alkali atoms have a small spin--orbit coupling;^[@ref20],[@ref21]^ thus the intrinsic spin lifetime in graphene is expected to be observed with this approach.

Conventional alkali doping of carbon proceeds in the so-called vapor phase, which works well for heavier alkali atoms with a lower melting point (K, Rb, and Cs):^[@ref22]^ the alkali atoms are heated together with the desired form of carbon (graphite, graphene, nanotubes, or fullerene). For Li and Ca doping, graphite doping was achieved by immersing the sample into molten Li or Li/Ca mixtures^[@ref2]^ with temperatures up to 350 °C. This relatively high temperature is dictated by the melting point and is due to the slow kinetics of the diffusion process, but the reaction has a small temperature window due to formation of alkali carbides around 450 °C. This method can only be formed for a bulky sample (*e*.*g*., for a piece of HOPG or graphite single crystal) that can be inserted and removed from the molten metal.

Alkali atom doping of graphene is also intensively studied.^[@ref23]−[@ref29]^ Achieving controllable and high-level doping would be particularly important for chemically exfoliated graphene, which is the bulk form of graphene, *e*.*g*., for energy storage purposes.^[@ref30]−[@ref32]^ Especially Na-doped graphene is an important candidate to replace conventional Li-ion batteries due to the low cost and high abundance of sodium.^[@ref33]−[@ref36]^

However, Na is somewhat of an outlier among the alkali metals, as it does not intercalate graphite under ambient pressure except for a very low stoichiometry of NaC~64~^[@ref37]−[@ref41]^ as compared to, for example, LiC~6~ and KC~8~. Successful Na doping was reported for graphene, prepared by a solvothermal synthesis by the Choucair method,^[@ref42]^ either using electrochemical doping^[@ref43]^ or when the material was synthesized from Na-containing precursors.^[@ref44]^ However, solvothermal-derived graphene is known to have a relatively large defect concentration as well as a limited flake size; it is thus intriguing whether Na doping could be achieved for a high-quality and high-area mono- or few-layer graphene.

As mentioned, doping with light alkali atoms cannot be performed with the vapor phase method. An alternative doping route uses solvents, such as liquid ammonia and organic solvents (*e*.*g*., tetrahydrofuran (THF)^[@ref45]^ or 2-methyltetrahydrofuran (2-MeTHF) and 2,5-dimethyltetrahydrofuran (diMeTHF)^[@ref46],[@ref47]^). These are known to dissolve well the alkali and some alkaline-earth elements. Then, the reaction between the alkali atoms and the carbon material proceeds in the solution at moderate temperatures and with a high efficiency due to the large reaction surface. This procedure was used to obtain highly doped fullerides^[@ref48]−[@ref53]^ and carbon nanotubes (nanotubides).^[@ref54]^ This route is promising for doping graphene with light alkali atoms, and it could address the value of spin lifetime of itinerant electrons and whether Na can differentiate between mono- and few-layer graphene, as the latter is known to be inevitably present in chemically exfoliated graphene.^[@ref55]^

Here, we report the synthesis of Li- and Na-doped few-layer graphene (FLG) using liquid ammonia. The FLG material was prepared by chemical exfoliation. Raman spectroscopy, conductivity, and electron spin resonance studies indicate a successful doping. The strongly Fano-like Raman line shapes evidence a sizable electron--phonon coupling. However, neither SQUID magnetometry nor conductivity measurements gave evidence for a superconducting phase down to 2 K. The spin-relaxation lifetime of conduction electrons is in excess of 7 ns, which represents an ultralong value especially for chemically exfoliated graphene. We argue that Na dopes selectively monolayer graphene, as a few-layer graphene resembles graphite, for which Na doping is known to be impossible.

Results and Discussion {#sec1}
======================

Few-layer graphene samples were doped with lithium and sodium in liquid ammonia with the setup shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a. We previously demonstrated that the starting material mainly consists of graphene flakes with 5 or less layers with a log-normal distribution centered around 3 layers.^[@ref55]^ Photographs of the samples are presented in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b and c. A characteristic color change was observed to the black FLG material upon doping, which is a fingerprint of charge transfer from the alkali atoms toward the carbon, as seen before for graphite intercalation compounds^[@ref22],[@ref56]^ and graphene.^[@ref23],[@ref24],[@ref55]^ In the case of lithium, both yellow-brownish and bluish spots are present, which attests to a successful doping of the material. For sodium, only bluish areas are observable, which hints at lighter, yet successful doping. For intercalated graphite, a yellow color is the signature of the highest level of doping (also referred to as stage-I compounds), whereas a blue color is a signature of a lower level of doping.^[@ref22]^

![(a) Schematics of the doping setup connected to a vacuum line with gas inlets. The alkali-ammonia solution (blue bubble) is kept around −40 °C using an ethanol bath. A bath sonicator assists the doping, and it surrounds the ethanol container. Inset shows the photograph of the solution at the beginning and at the end of the process. (b and c) Microscope images of the final materials. Note that Li doping results in bright, yellow-brownish and bluish flakes, while upon Na doping only bluish areas are present. Inset in (c) shows a smaller area of the sodium-doped sample shot with a 50× objective to emphasize the presence of bluish areas.](nn0c03191_0001){#fig1}

The most striking observation of this synthesis process is the presence of *any* color change to the Na-doped FLG sample. Na is known to intercalate (or dope) graphite to a very low level such as NaC~64~,^[@ref37]−[@ref40]^ which has the same color as graphite. In fact, a higher level of Na doping can only be achieved with an ultrahigh-pressure synthesis method,^[@ref57]^ but the resulting material is unstable at ambient pressure. It has long been intriguing why Na does not effectively dope graphite. Graphite intercalation compounds (GICs) possess a long-range ordered structure for the alkali atoms and also for the graphene layers that are adjacent to layers of alkali atoms. Recent *ab initio* calculations^[@ref41]^ hint at a delicate interplay between the alkali ion induced structural deformation (and the corresponding weakening in the van der Waals interaction between graphene layers) and the covalent (for Li) *versus* ionic (for Na) interaction, which makes the formation of Na-intercalated graphite thermodynamically unfavored. In contrast, sodium can effectively dope fullerides up to Na~4~C~60~,^[@ref58]−[@ref60]^ where the voids between the fullerene balls can be conveniently filled; thus the deformation energy of the van der Waals molecular crystal is smaller and is compensated by the energy gain during the electron charge transfer. Therefore, it is expected that Na could dope monolayer graphene where the energy loss due to deformation is also absent.

Given the surprising result of a successful and relatively high level of Na doping of the few-layer graphene sample, we performed Raman spectroscopy on the synthesized materials, as it is a sensitive probe of the charge transfer toward the carbonaceous material. Raman spectra recorded at 514.5 nm wavelength of the materials are presented in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. Raman spectrum of the pristine material displays the usual D (1358 cm^--1^), G (1580 cm^--1^), and 2D (2710 cm^--1^) bands, and it reproduces the earlier reports on similar samples.^[@ref61]^

![Raman spectra taken at 514.5 nm wavelength. (a) Undoped FLG shows the usual D, G, and 2D modes. (b) A broad and intensive Fano line at 1510 cm^--1^ dominates the spectrum in the lithium-doped FLG sample; the D and 2D modes are barely visible, and the latter is extremely broadened. (c, d) Sodium-doped samples also display a Fano line at 1566 cm^--1^ and a symmetric peak at 1600 cm^--1^. The latter is denoted by G and is associated with weakly charged graphene flakes. Asterisk denotes a peak from the quartz sample holder.](nn0c03191_0002){#fig2}

The lithium-doped FLG sample shows a broad and intensive Fano-shaped line (also referred to as Breit--Wigner--Fano, or BWF, line shape)^[@ref62],[@ref63]^ at 1507 cm^--1^, which dominates the spectrum. The D and 2D modes are barely visible, and the latter is extremely broadened. The Fano line is downshifted and flattened compared to the original G mode, as expected upon heavy doping. Compared to the Raman spectrum of LiC~6~ GIC, the observed peak is relatively close to its E~2*g*~1~~ mode at 1546 cm^--1^. The doped samples are in a quartz tube, which explains the origin of the Raman line denoted by an asterisk.

We also present Raman data for two Na-doped samples, one denoted as heavily, the other as moderately doped. The heavy doping notation refers to the highest achievable doping level, whereas the moderate doping is representative for a sample prepared with a smaller amount of alkali dopants. Both types of sodium-doped samples present a Fano line at around 1572 cm^--1^ and a symmetric Lorentzian peak at 1600--1602 cm^--1^. The Fano peak at the lower Raman shift confirms the presence of highly intercalated flakes in agreement with the above-mentioned surprising microscopic observation, *i*.*e*., that significant charge transfer is observed in the Na-doped samples. The Fano line shape in alkali-metal intercalation compounds with graphite only occurs when a stage-I compound is reached; that means when each graphene layer is surrounded from both sides by an alkali atom layer.^[@ref64]^ The observation of this asymmetric mode in the Na-doped sample provides a direct proof for the existence of Na-doped monolayer graphene. The symmetric peak at higher Raman shifts (denoted by G) is associated with weakly charged or incompletely intercalated flakes.^[@ref40]^ The 2D mode is very broad in all samples, as expected for a high level of doping.^[@ref56],[@ref64]^

In general, the Fano line shape is the result of quantum interference between the zone-center phonons and the electronic transitions;^[@ref62],[@ref63]^ thus it is an important benchmark of a significant charge transfer in carbonaceous materials including fullerides,^[@ref65]^ carbon nanotubes (nanotubides),^[@ref66]^ graphite,^[@ref67]^ and graphene (graphenides).^[@ref23],[@ref24],[@ref27]^

Additional information about the electronic structure, the level of charge transfer, and the magnitude and sign of the electron--phonon coupling can be obtained from the details of the Fano line shape. According to refs ([@ref62]) and ([@ref63]) the line shape reads as a function of the Raman shift energy, *ℏω*:where *q* is the Fano asymmetry line shape parameter, , and *A* is an offset parameter. Herein *ℏω*~0~ is the vibrational energy of the unperturbed phonon, *ℏ*Δ is the interaction-induced shift of the phonon energy, and *ℏ*Γ is the broadening parameter due to the interaction. In general Γ and Δ increase with the strength of the electron--phonon coupling; however *q* is inversely proportional to it, *q* = ±∞ represents the noninteracting limit, and *q* → 0 is the limit of strong electron--phonon interaction.

We found *q* = −1.03 for the Li-doped FLG and *q* = −2.64 and *q* = −3.17 for the heavily and moderately Na-doped FLG samples, respectively (details of the line shape analysis are provided in the [Supporting Information](#notes1){ref-type="notes"}). These figures have to be compared with *q* = −1.09 found for the graphite intercalation compounds^[@ref56]^ LiC~6~, KC~8~, and CaC~6~, of which the latter is a superconductor with *T*~c~ = 11.5 K.^[@ref68]^

The significant charge transfer and the sizable electron--phonon coupling in the Li-doped FLG motivated us to search for traces of superconductivity for both the Li- and Na-doped materials. However, SQUID magnetometry in a zero field cooled condition and using a 10 Oe of sensing field, while warming the samples from 2 K, did not reveal any traces of superconductivity.

Electron spin resonance spectroscopy^[@ref69]^ can provide a great deal of information about the electrons in a material, including localized electron spins, which are related to defects or dangling bonds, and also about delocalized, *i*.*e*. conduction, electron species. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} presents the ESR spectra of the undoped and Li- and Na-doped FLG samples at 230 and 50 K. In each cases, the observed line shape can be decomposed into two separate lines. In the undoped material, the lines are completely symmetric and thus can be fitted with derivative Lorentzians. The origin of these lines is most probably dangling bonds or lattice defects, which give rise to a paramagnetic signal. The presence of such lines is very common in carbon materials including fullerenes,^[@ref70]^ carbon nanotubes and graphite,^[@ref71]^ graphene,^[@ref72]^ and boron-doped diamond.^[@ref73]^

![ESR spectra of the undoped and Li- and Na-doped FLG samples at 230 and 50 K. Open symbols are the measured data, and the fitted curve is represented with a continuous red line. Blue and green curves are the decomposition to the two components present for each sample. The two lines are fully symmetric in the undoped material, whereas both components are asymmetric in the doped ones, indicating a metallic sample. Note the zoomed vertical scale for the undoped material.](nn0c03191_0003){#fig3}

Upon doping the FLG sample with Li and Na, the ESR spectra change significantly: strong signals with about 30--50 times larger intensity appear with an asymmetric line shape. An asymmetric ESR line shape is identified as a so-called Dysonian line,^[@ref19]^ which is the usual case in metallic materials. In fact, the Dysonian line shape in ESR can be considered as analogous to the Fano line shape in Raman spectroscopy; however its physical origin is different. The Dysonian line shape is due to the varying microwave phase along the sample volume due to the limited penetration of microwaves. The asymmetry is stronger for both lines in the lithium-doped material than in the sodium-doped one. This indicates a smaller microwave penetration depth and thus a larger conductivity. This observation is in agreement with the visual observations and the Raman spectroscopy results above, *i*.*e*., that charge transfer is stronger in the lithium-doped sample.

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows that the ESR signal in the alkali-doped samples can be decomposed into two distinct ESR lines with different line widths. The presence of multiple ESR lines is often encountered in alkali atom doped carbon materials. The examples include alkali-doped fullerides^[@ref70],[@ref74]^ and carbon nanotubes (nanotubides).^[@ref54],[@ref75]^ The origin of multiple ESR lines in doped carbon could be an inhomogeneous doping or the presence of localized paramagnetic spins.

To gain a deeper insight into the electronic properties of the doped materials, the temperature dependence of the ESR signal was studied in the 5 to 250 K temperature range. The ESR intensity is directly proportional to the spin susceptibility, which allows identifying the nature of spins (localized or delocalized) which give rise to the ESR signal. In addition, the ESR line width is related to *T*~2~, which is called the spin--spin relaxation time (due to historical reasons).^[@ref18],[@ref19],[@ref69]^ In the following, we refer to this as spin-relaxation time, or τ~s~, to conform with the spintronics literature. Determining τ~s~ is directly relevant for the spintronics applications of graphene.

The spectroscopic properties, including line intensity, position, and line width, were determined by fitting the Dysonian lines with a mixture of absorption and dispersion Lorentzian lines,^[@ref76],[@ref77]^ which is a valid approach when the conduction electrons are diffusing through the microwave penetration depth slowly (this is the so-called NMR limit) compared to their lifetime.^[@ref19]^

The temperature-dependent ESR intensity normalized by the sample mass and the ESR line width is shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. It reinforces the earlier observation that the observed spin susceptibility increases significantly upon doping. In addition, the temperature-dependent character of the spin susceptibility also characteristically changes: in the undoped sample, the spin susceptibility shows a significant increase upon lowering the temperature, which is characteristic for localized, *i*.*e*., paramagnetic, spin species. We thus term it a "Curie-like" behavior, where χ~s~ ≈ 1/*T*. In fact, the intensity of the broader peak in the undoped material remains finite at higher temperature. This can be related to an unintentional doping due to some residual solvent or contamination in the starting material.

![Temperature-dependent ESR intensity (normalized by the sample mass) and line width. Note the significantly smaller scale for the undoped material. The lithium-doped sample shows two Pauli-like signal intensities, which is a clear indication of a metallic behavior. On the other hand, the sodium-doped material shows a mixed behavior with one Curie and one Pauli-like signal.](nn0c03191_0004){#fig4}

In contrast, a Pauli-like spin susceptibility, *i*.*e*., with little temperature dependence, dominates the signal for both the lithium- and sodium-doped samples above 20 K, although the sodium-doped material also contains a Curie-like contribution with a much smaller intensity. An ESR signal with a spin susceptibility with little or no temperature dependence is characteristic for conduction electrons. The fact that the Li-doped material contains two such signals hints that the doping is inhomogeneous. We note that the presence of unreacted metallic particles can be excluded as the origin of the observed metallic signals, since metallic Li and Na have characteristic line shapes (typical for strongly diffusing electrons), which is not observed herein.^[@ref18],[@ref19]^ Even the Pauli-like signal shows an upturn in intensity in the Na-doped sample below 20 K; similar effects are often encountered when a minute amount (of the 10 ppm level/lattice sites) of paramagnetic spins gives a common resonance with the itinerant electrons.^[@ref78]^ This also means that the line width data in the Na-doped sample are only reliable above 20 K.

We identify the Pauli-like signal in the Na-doped FLG sample as coming from Na-doped graphene monolayers. It is based on the observation that Na cannot dope graphite; thus it is very probable that multilayer graphene is also inaccessible for it. This observation is in a full agreement with the Raman result, as it evidenced that Na doping of an FLG sample leaves a part of the sample undoped.

The ESR line width, Δ*B*, data in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} can be used to directly obtain the spin-relaxation time through 1/τ~s~ = 1/γΔ*B*, where γ = 2π × 28.0 GHz/T is the electron gyromagnetic factor. The result is shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} along with reference data from LiC~6~-intercalated graphite powder from ref ([@ref79]). The narrow component of the Li-doped FLG sample has a relaxation time that is similar to that in LiC~6~. It is therefore tempting to identify this component as coming from Li-intercalated graphene multilayers and the broader component to Li-doped monolayers. The spin-relaxation time of this component is similar to that found for the Na-doped graphene monolayers.

![Spin-relaxation times of the Li- and Na-doped few-layer graphene above 20 K. Dashed line shows data on the LiC~6~-intercalated graphite powder from ref ([@ref79]).](nn0c03191_0005){#fig5}

In principle, the temperature-dependent character of the spin-relaxation time also contains information about the relaxation mechanism,^[@ref8],[@ref80]^ whether it can be described by the Elliott--Yafet^[@ref20],[@ref21]^ or the D'yakonov--Perel theories.^[@ref81]^ However, a proper theoretical description requires the knowledge of the temperature-dependent mobility and the local crystalline structure in these samples. Neither of these are available at present; therefore we cannot speculate on the underlying spin-relaxation mechanism.

Nevertheless, the striking observation is that the ESR line width at 230 K, when translated to spin-relaxation times, gives ∼6.1 ns and ∼7.9 ns for lithium- and sodium-doped monolayer graphene, respectively. These values are even more surprising in view of the well-known heterogeneity of chemically exfoliated graphene and the synthesis method we employed. In fact, our figures are only surpassed by recent spin-transport experiments on carefully manufactured microscopic graphene samples, with ultrahigh mobility.

Early spin-transport experiments reported sub-nanosecond spin-relaxation times in graphene,^[@ref11],[@ref14],[@ref15],[@ref82]−[@ref85]^ which most probably originates from extrinsic effects.^[@ref86]^ Advanced sample preparation and coating with hexagonal-BN resulted in improved values,^[@ref87],[@ref88]^ with the longest spin-relaxation time values being 12.6 ns^[@ref16]^ in single-layer graphene and 9.4 ns in bilayer graphene.^[@ref89]^

It is in fact astonishing that a chemically prepared sample, which is readily available in milligram quantities, displays the same magnitude for the spin-relaxation time as the above values, which are the result of advanced micromanipulation techniques, combined with van der Waals heterostructure engineering. The advanced techniques aim to decrease the defect concentration of individual graphene microstructures. However, bulk, top-down chemical methods may lead to higher quality flakes due to a finite probability that the flake defect concentration may even be smaller than those achieved by local techniques. As the sodium doping can only occur in high-quality single flakes, this may provoke a selectivity that further increases the measured spin-relaxation time, thus leading to the efficient manufacturing of future spintronics materials based on graphene.

Conclusions {#sec2}
===========

In conclusion, we successfully synthesized lithium- and sodium-doped few-layer graphene in liquid ammonia solution. We found that Na dopes exclusively monolayer graphene that is present in the FLG sample. This is deduced from an overally weaker Na doping of the FLG samples, which is argued to be associated with the well-known inability of Na to intercalate graphite; thus multilayer graphene is also inaccessible for it. The obtained materials exhibit a clear change of color, a dominant Fano mode in the Raman spectrum, and ESR signals due to conduction electrons. These observations prove a successful intercalation and charge transfer from the alkali atoms toward graphene. Electron spin resonance spectroscopy indicates a spin-relaxation time of 6--8 ns, which is comparable to the longest values found on ultrahigh-mobility graphene flakes using spin-transport methods. Given that we studied a relatively impure and bulk graphene material, these figures are encouraging for the spintronics applications of alkali atom doped graphene.

Methods {#sec3}
=======

Preparation of the Few Layer Graphene Starting Material {#sec22}
-------------------------------------------------------

Few-layer graphene was prepared from saturation potassium-doped spherical graphite powder (SGN18, Future Carbon) using DMSO solvent for the wet chemical exfoliation as described previously.^[@ref61],[@ref90],[@ref91]^ Chemical exfoliation was finalized using ultrasound tip sonication, which yields the best quality, as shown in a previous study.^[@ref72]^ The properties of the starting material are well characterized by atomic force microscopy and Raman spectroscopy, which revealed that restacked few-layer graphene is also present in the sample.^[@ref55]^ Prior to intercalation, the undoped FLG was heated to 400 °C for 30 min in high vacuum (2 × 10^--6^ mbar) to remove any residual solvents. It was shown previously in refs ([@ref55]) and ([@ref72]) that this does not affect the morphology of the starting FLG.

Doping of Graphene with Lithium and Sodium {#sec23}
------------------------------------------

Lithium and sodium with a purity of 99.9+% and 99.8% (from Sigma-Aldrich), respectively, were handled in an Ar glovebox (O~2~, H~2~O \< 0.1 ppm). The lithium granules had a metallic color and were cut into smaller pieces to increase the surface. The sodium chunks were first thoroughly cleaned and then cut up. About 1 mg of FLG and excess alkali metal of 1.1 or 2.2 mg for lithium and sodium, respectively, were placed in a bulb-shaped quartz container (reaction chamber in the following) inside the glovebox. The bulb of the reaction chamber (hand-blown by a technician) had a diameter of 10 mm, and it was connected to the vacuum line with a 5 mm diameter quartz tube. A (Li,Na)C~6~ stoichiometry (which is probably the upper limit of doping) would require 0.09 mg and 0.24 mg for the Li and Na, respectively, for the 1 mg of FLG. The unreacted mixture was then connected to a vacuum line with the help of a well-sealing valve and pumped to a vacuum better than 10^--6^ mbar.

The reaction chamber was placed in liquid nitrogen and gaseous ammonia, which was connected to the vacuum line and was rapidly (within a few seconds) condensed to the starting mixture of FLG and alkali metal. The rapid condensing is required to prevent the formation of side products. Following this, the reaction chamber is surrounded by an ethanol bath, which is kept at −40 °C (below the −33 °C boiling point of ammonia at ambient pressure). Ethanol has a freezing point of −114 °C; thus it is well suited for this purpose. The reaction chamber, surrounded by the ethanol bath, was immersed in a bath sonicator, where it was intensively sonicated for 30 min to obtain a homogeneous doping of the few-layer graphene. The pressure of the chamber is monitored to avoid evaporation of the ammonia during the process. The dissolution of alkali metals in liquid ammonia can be followed by characteristic color changes: the solution changes its color to dark blue initially, immediately followed by a change to yellow-brownish. This marks the dissolution of the alkali metals: dark blue color indicates a low concentration of the dissolved alkali, and the yellow-brownish color is characteristic for a high concentration of dissolved alkali metals.^[@ref92]^ Finally, the reaction chamber changes its color to a homogeneous brown, which indicates the doping of FLG with the alkali metals.

At the end of the intercalation, the solution is slowly heated to room temperature, when ammonia is evacuated. Subsequently, a heating of 200 °C is applied for 30 min to remove any absorbed ammonia and the unreacted alkali metal. The choice of 200 °C is delicate: on one hand it is above the melting temperature of the alkali metals (181 °C for Li and 98 °C for Na), which allows for an efficient removal of the unreacted, excess alkali atoms, but on the other hand, it is below the onset of the formation temperature of alkali carbides (this occurs above ∼400 °C^[@ref93]^). The reaction chambers were sealed off with a torch on the 5 mm quartz tube part.

Ammonia is known to react with alkali metal elements and forms amides.^[@ref94],[@ref95]^ This side reaction is known to proceed fast when the ammonia is in the gas phase. However, this reaction channel is prohibited (or slowed down to the week time scale) when the ammonia is liquefied. Besides, the amides have well-known signatures in Raman spectroscopy^[@ref96],[@ref97]^ in the form of a series of lines around 400--550 cm^--1^. These signals were used to monitor the content of this unwanted side product. We optimized the procedure to yield a material with no traces of amides.^[@ref98]^ We emphasize at this point that while we refer to the material as "Na-doped FLG", Na dopes exclusively the monolayer graphene content inside the sample.

Raman Spectroscopy {#sec24}
------------------

Raman spectroscopy was performed on the as-prepared samples inside the same reaction chambers where the doping proceeds. A 514.5 nm wavelength laser excitation with 0.5 mW power was used to avoid laser-induced deintercalation^[@ref56],[@ref99]^ or sample heating. Raman spectra were recorded on a modified broadband LabRAM spectrometer (Horiba Jobin-Yvon Inc.). The built-in interference filter was replaced by a beam splitter plate with 30% reflection and 70% transmission to allow for a broadband operation.^[@ref100],[@ref101]^ Typically 0.5 mW laser powers were used with a built-in microscope (Olympus LMPlan 50×/0.50 inf./0/NN26.5), which yields an approximately 1 μm × 1 μm spot size. Photographs were taken with an Olympus 10×/50× objective, which is present on the LabRAM equipment.

Electron Spin Resonance {#sec25}
-----------------------

The reaction chambers were opened up inside an Ar glovebox and placed into quartz tubes with a 4 mm outer diameter. These tubes were then evacuated on the vacuum line to better than 2 × 10^--6^ mbar, then filled with 20 mbar of He exchange gas for the cryogenic measurements and sealed permanently with a torch. Raman spectra of the materials were checked before and after this procedure to ensure that no changes occur during this operation. ESR measurements were performed on a Bruker Elexsys E500 X-band spectrometer equipped with an Oxford He flow cryostat. The temperature could be varied between 4 and 300 K. Care was taken to avoid saturation and overmodulation of the observed signals, similarly to our previous works.^[@ref54],[@ref102]^ The spectral parameters of each signal component are determined by fitting (derivative) Lorentzian and Dysonian curves, as is customary in the ESR literature. Due to the magnetic field modulation technique employed in ESR, the observed line shapes are the derivative of the following (with respect to the magnetic field, *B*):where the ESR line shape, *I*(*B*), is given as a function of the *B* magnetic field, *A* is proportional to the static spin susceptibility, *B*~0~ is the line position, Δ*B* is the ESR line width, and ϕ is the mixing angle between the two types of curves (absorption and dispersion). The ESR line width is related to the *T*~2~ spin--spin relaxation time as Δ*B* = 1/*γT*~2~ where γ = 2π × 28.0 GHz/T is the so-called electron gyromagnetic ratio.

Magnetometry with a Superconducting Quantum Interference Device {#sec21}
---------------------------------------------------------------

Samples inside the same He exchange gas filled quartz tubes were used for the SQUID measurement that were used in the ESR studies. We searched for traces of superconductivity in a standard MPMS SQUID magnetometer down to 2 K with a zero magnetic field cooling protocol, in small applied fields of 5--50 Oe, and also at 2 K in magnetic hysteresis loops.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsnano.0c03191](https://pubs.acs.org/doi/10.1021/acsnano.0c03191?goto=supporting-info).Details of the Raman spectra deconvolution, spectroscopic parameters of the Breit--Wigner--Fano line shapes, a discussion of the electron--phonon coupling, and the temperature-dependent *g*-factor as detected by electron spin resonance ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03191/suppl_file/nn0c03191_si_001.pdf))
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